The last decade has seen many trials with antioxidants in patients with cardiovascular disease, with equivocal results. One possible explanation for the disappointing findings is the lack of identification criteria of patients who are potential candidates for antioxidant treatment. Several studies have been carried out in patients at risk of cardiovascular disease, indicating that enhanced oxidative stress is associated with the presence of diabetes, hypercholesterolaemia, hypertension, and smoking. This review analyses the data reported so far to determine whether they clearly support the premise that patients at risk of cardiovascular events may be candidates for antioxidant treatment. xidative stress is believed to play a crucial role in the initiation and progression of atherosclerosis disease. Oxidation of low density lipoprotein (LDL) within the vessel wall represents a key step in the accumulation of LDL by resistant macrophages that ultimately become the foam cells of atherosclerotic plaque. 1 Enzymatic and non-enzymatic oxidation of LDL seems to be involved in this process but its relevance in the evolution of human atherosclerosis is still unclear. 1 An important consideration is the evident discrepancy between experimental and clinical trials with antioxidants, which have provided divergent results. Most trials with antioxidants in experimental models of atherosclerosis have demonstrated that this treatment is able to retard the progression of atherosclerosis, while the results of clinical trials are conflicting, 1 inasmuch as positive as well as negative effects have been reported. Investigation of antioxidants for prevention of atherosclerosis stems from observational trials that demonstrated the existence of an inverse relation between the consumption of antioxidant vitamins and the risk of cardiovascular events. However, meta-analysis of the observational studies indicated that among antioxidant vitamins, vitamin E was the only one that exerted a beneficial effect against atherosclerotic complications.
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On the basis of these data almost all the trials have been planned on the assumption that supplementation with vitamin E would represent a useful approach in preventing cardiovascular disease.
However, candidates for antioxidant treatment were not accurately defined probably for the application of the following syllogism:
N oxidant stress is a common pathway for initiation and progression of atherosclerosis N cardiovascular complications are secondary to atherosclerosis N all patients with or at risk of cardiovascular complications have enhanced oxidant stress and could obtain beneficial effects from antioxidant treatment.
That this syllogism has been applied to almost all trials with antioxidants is demonstrated by the fact that any patient at risk of cardiovascular events has been indiscriminately enrolled in those trials. We argue on the contrary that, as antioxidant status represents an important marker of oxidative stress, 3 its determination may be useful in better identifying candidates for antioxidant treatment. In order to substantiate this hypothesis, data inherent to oxidative stress and antioxidant status in patients at risk of cardiovascular disease, and in patients included in observational and interventional trials, have been reviewed. As antioxidant vitamins, such as vitamins E and C, are major determinants of antioxidant status and have been the object of the most important research in this field, our analysis essentially focuses on the clinical relevance of these vitamins in patients with cardiovascular disease.
DIABETES AND OXIDATIVE STRESS
Blood analysis of lipid peroxides or measurement of urinary excretion of isoprostanes provided evidence that oxidative stress is enhanced in patients with diabetes. 4 The impact of these data in the context of atherosclerosis progression is still unclear but there is some evidence supporting a role for oxidative stress in contributing to the deterioration of vascular disease. For instance, an important finding is the demonstration that endothelium dependent vasodilation is reduced in patients with diabetes and that vitamin C is able to prevent it, thus indicating a role for oxygen-free radicals in reducing the vasodilatory property of endothelium. 5 Hyperglycaemia may enhance oxidative stress and in turn induce vascular damage via several pathways, including the formation of the advanced glycated end products that are proatherogenic and prothrombotic substances (fig 1, panel C) . Furthermore glucose may alter the balance between free radicals such as O 2˚a nd nitric oxide (NO) in endothelial cells; thus NO exerts its vasodilatory and antioxidant effect unless it is converted to ONOO 2 by interaction with O 2. This deleterious effect occurs in endothelial cells exposed to glucose, which, in fact, favours the formation of O 2˚a nd in turn promotes oxidation. 6 An interesting mechanism potentially accounting for enhanced production of reactive oxygen species (ROS) by glucose is reported in fig 1. Hyperglycaemia could enhance endothelial O2˚generation via activation of cyclooxygenase pathway which is known to generate ROS with a mechanism involving NAD(P)H oxidase. 7 The potential role of this enzyme in inducing oxidative stress has been recently demonstrated by Guzik and colleagues who studied the expression of NAD(P)H oxidase in the vessel wall of diabetic and healthy subjects. 8 They found that, compared to controls, vascular expression of NAD(P)H oxidase subunits, p22 phox and p47 phox, were overexpressed in diabetic patients. 8 
HYPERCHOLESTEROLAEMIA AND OXIDATIVE STRESS
There is experimental and clinical evidence indicating that hypercholesterolemia is associated with enhanced oxidative stress. Oxygen free radicals, such as O 2, and F2 isoprostanes, have been found to be elevated in the arteries of hypercholesterolaemic animals or in the urine of patients with high serum cholesterol, respectively. 9 10 The relevance of these findings in the context of pathophysiology of atherosclerosis is unclear, although there is some evidence that in this setting oxidative stress may have a role in reducing the vasodilatory property of endothelium. 11 Conversely, we do not yet have evidence that the increase of these variables actually represents a marker of progression of atherosclerotic disease.
Two hypotheses can be made in explaining why hypercholesterolaemia enhances oxidative stress (fig 1, panels A, B). Cholesterol has been recently shown to activate the metabolism of the arachidonic acid pathway, 12 which in turn seems to be associated with NAD(P)H oxidase activation. 7 This hypothesis has been recently underscored by our group showing that platelet incubation with cholesterol enhanced O 2˚p roduction and that inhibition of PLA2 or NADPH oxidase enzymes significantly reduced O 2 formation (fig 1,  panel B ). 12 The cascade of cholesterol biosynthesis may represent per se another pathway leading to enhanced oxidative stress. Intracellular metabolism of mevalonate leads, in fact, to the formation of protein farnesylation, which has a key role in the production of proinflammatory and pro-oxidant cytokines such as tumour necrosis factor a (TNFa) (fig 1, panel  A) . 13 In accordance with this, treatment of hypercholesterolaemic patients with an inhibitor of HMG-CoA-reductase was associated with reduced monocyte formation of TNFa, suggesting a relation between cholesterol and intracellular formation of pro-oxidant cytokines. 13 
HYPERTENSION AND OXIDATIVE STRESS
Experimental studies have provided evidence that oxidative stress is increased in hypertension. The increase in blood pressure may, for example, enhance vascular production of superoxide with a mechanism that is independent of the activation of the renin-angiotensin system.
14 On the other hand there is experimental evidence supporting the hypothesis that angiotensin converting enzyme system activation is associated with vascular overproduction of O 2. 15 It is interesting, however, that both mechanisms have a common pathway for enhancing oxidative stress-that is, activation of NADPH oxidase enzyme (fig 1, panel D) . The relation between oxidative stress and hypertension has recently been demonstrated in humans using platelets as a tool for investigating the cellular production of O 2. 16 This study suggested that patients with hypertension have enhanced platelet formation of O 2˚w hich may be mediated by AT1 receptors, and that NADPH-oxidase plays a pivotal role in eliciting angiotensin II induced platelet O 2˚p roduction. 16 The clinical relevance of these findings in the context of atherosclerotic disease is unclear, however. Enhanced oxidative stress by the vessel wall could have some role in reducing the vasodilatory property of endothelium. Data regarding this obtained following intravenous infusion of ascorbic acid seem to provide support that oxidative stress could impair arterial vasodilation by inhibiting NO activity. 17 However, it remains to be established whether patients with hypertension have systemic signs of oxidative stress, and the impact of this phenomenon on the progression of atherosclerotic disease still needs to be ascertained. 
SMOKING, OBESITY, AND OXIDATIVE STRESS
In a study including smokers and non-smokers, Miller and colleagues 18 measured some markers of oxidative stress after three weeks of following the same diet. Compared to nonsmokers, smokers had significantly higher breath ethane and serum thiobarbituronic acid reactive substances (TBARS). Furthermore, Morrow and colleagues 19 found that the plasma concentrations and urinary excretion of F2 isoprostane were significantly higher in smokers than in non-smokers and that cessation of smoking was associated with a significant decrease of isoprostanes. 19 The relation between obesity and oxidative stress has been recently investigated in women with android or gynoid obesity. Obese women had higher oxidative stress than controls; enhanced oxidative stress was increased more in android obesity than in gynoid obesity, suggesting a more pronounced relation between oxidative stress and visceral obesity. 20 
ANTIOXIDANT STATUS IN PATIENTS WITH RISK FACTORS FOR ATHEROSCLEROSIS
As reported in table 1, we found few studies [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] that measured the circulating concentrations of vitamins E and C in patients with risk factors for atherosclerosis. However, data are extremely variable and difficult to interpret because of lack of control groups. Vitamin C has been measured in patients with hypertension, diabetes, hypercholesterolaemia, and smoking habit with values ranging from 30-50 mM; a large variability of data is particularly observed in smoking and diabetic patients. Dispersion of data is even more evident for vitamin E. Thus, in patients with risk factors for atherosclerosis, vitamin E ranges from 1.6-5.8 mmol/mmol cholesterol, with large variations within the same category of patients. Apart from hypertensive patients where only one report of plasma vitamin E was found, the other categories of patients at risk of cardiovascular disease are characterised by a wide variation of data with values also above 5 mmol/mmol cholesterol, which identifies patients at low risk of cardiovascular disease. 36 The reason for this large variability cannot be explained as yet, but it is possible that oxidative stress may condition the rate of vitamin consumption. This hypothesis may be supported by a previous study showing an inverse correlation between F2 isoprostanes and circulating concentrations of vitamin E, 37 but we are not certain that elevated markers of oxidative stress are always associated with low antioxidant status. For example, a recent report showed that in animals with cardiovascular aging, which is associated with enhanced oxidative stress, circulating and tissue concentrations of vitamin E were elevated. 38 Assuming that this might also occur in human atherosclerosis, the evidence of enhanced oxidant stress alone perhaps does not imply the existence of low antioxidant status and justify supplementation with antioxidant vitamins.
Unfortunately the majority of previous studies exploring oxidative stress in patients with classic risk factors for atherosclerosis included very little information regarding vitamin E plasma concentrations and antioxidant status in control populations. This limits the clinical usefulness of those studies because we are not certain that, in the case of enhanced oxidative stress, antioxidant treatment is warranted. For example, previous studies reported enhanced urinary excretion of isoprostanes in patients with diabetes and hypercholesterolaemia 4 10 but, as shown in table 2, patients with such risk factors may have values above or below 5 mM vitamin E/mmol cholesterol. The reason for this wide variation of antioxidant status in patients at risk of cardiovascular disease is unclear, but it should be carefully investigated in order to justify the use of antioxidant supplements in this context.
ANTIOXIDANT STATUS IN STUDIES WITH ANTIOXIDANTS
Interventional trials Clinical trials with antioxidants have been carried out in patients with or without a previous history of cardiovascular disease. Surrogate end points, such as analysis of atherosclerosis progression, or hard end points, such as vascular death and myocardial infarction, have been examined to evaluate the clinical benefit of antioxidant vitamins. 39 Most trials with antioxidants used vitamin E probably because epidemiological studies documented that regular consumption of this vitamin reduced the risk of cardiovascular events. 36 Patient selection of these trials was therefore based on the hypothesis that all patients at risk of cardiovascular disease could benefit from supplementation of this vitamin; therefore many primary and secondary interventional trials, such as the GISSI-prevenzione, the HOPE, and the PPP studies, did not consider the antioxidant status as entry criterion and did not report any data inherent to bioavailability of vitamin E. 39 The lack of this information makes the results of these trials difficult to interpret, and because the serious issue relating to vitamin E bioavailability has been completely ignored. In fact, we demonstrated that about 30% of subjects did not have any increase in vitamin E plasma values unless vitamin E was assumed after food intake. 40 This finding has been recently supported by Carrol and colleagues, 41 showing a significant increment of plasma vitamin E when a supplement was given immediately before a meal.
Among the antioxidant trials, five reported plasma values of vitamin E in control populations. Patients included in these trials suffered from cardiovascular disease or had classic risk factors for atherosclerosis 39 or renal insufficiency, 39 or underwent heart transplantation. 39 In three of 39 and the HPS 39 studies administered vitamins E, C, and b carotene, the study including patients undergoing heart transplantation administered vitamins C and E, 36 and the CHAOS and the SPACE studies 39 used natural vitamin E at dosage of 400-800 IU/day. Vitamin E values of study populations were extremely wide ranging from 5.6 mmol/ mmol cholesterol (the CHAOS and the HPS studies) to 4.3 mmol/mmol (heart transplant atherosclerosis). Assuming that values of vitamin E , 5 mm/mmol cholesterol identify patients at risk of cardiovascular disease, 39 we argue that only three studies included patients with low antioxidant status. Among these trials the ATBC provided negative results while the other two studies demonstrated that vitamin E alone or in combination with vitamin C significantly reduced cardiovascular events.
The effect of antioxidant vitamins has also been investigated using surrogate end points such as carotid atherosclerotic progression. Salonen and colleagues 34 demonstrated that a combination of 136 IU vitamin E plus 250 mg of slow release vitamin C slows down atherosclerotic progression in hypercholesterolaemic patients. It was of note that the treatment was more effective in patients with low baseline values of vitamin C. As cholesterol values were not reported we could not calculate the vitamin E/cholesterol ratio and compare it with the values reported in the other trials.
Observational studies
Previous studies have attempted to assess whether a relation between antioxidant status and coronary heart disease (CHD) exists. For this purpose, different antioxidants, such as vitamin E, C, and b carotene, have been measured in populations affected or not by CHD. The WHO/MONICA project has been one of the largest studies to analyse the behaviour of these vitamins in populations with different incidence of CHD mortality. 39 In populations with similar values of serum cholesterol and blood pressure, an inverse correlation between CHD mortality and vitamin E plasma values was observed; conversely, no relation existed between CHD mortality and other vitamins. In areas with low and medium coronary mortality, plasma concentrations of vitamin E were 26-28 mM, while at sites with the highest CHD mortality rates plasma values were 20-21.5 mM. The authors also estimated that the threshold risk for cardiovascular disease would be , 25 mM, which in this particular population corresponds to , 4.3 mM vitamin E/mmol cholesterol (table 2) . This finding is consistent with other studies showing an inverse correlation between vitamin E plasma values and cardiovascular mortality. 36 It was noticed, in particular, that in patients with a high risk of cardiovascular mortality, the vitamin E/cholesterol ratio was 3.5, while in those with low risk, the ratio was almost 5. 42 The inverse correlation between vitamin E concentrations and CHD was also noted in another observational study in which 110 patients with angina were compared to 394 controls (table 2) . 43 The study demonstrated that patients with a history of angina had a lower vitamin E/cholesterol ratio than controls (3.66 v 3.86 mmol/mmol, p , 0.01), with a significant adjusted odds ratio for angina between patients in the lowest and highest quartile.
These findings have been further corroborated by another study in which 102 apparently healthy subjects were followed up for 47.4 months. 44 This study showed a higher risk of cardiovascular events in subjects in the lowest quartile of vitamin E plasma values compared to those in the highest. Taken together these data suggest that vitamin E is an important predictor of CHD and may represent an independent risk factor for atherosclerosis and its complication. Because of the lack of standardisation and a somewhat large dispersion of vitamin E/cholesterol ratio values, accurate analysis of vitamin E concentrations in patients and healthy subjects is crucial in order to have a reliable use of this variable in clinical practice and interventional trials. Recently, for example, healthy subjects 45 were shown to have values of vitamin E of 3.6 mmmol/mmol cholesterol, which is much less than values reported in control populations. 46 This finding therefore raises serious concerns regarding the methodology used for measuring vitamins and strongly suggests the need to standardise the assay.
CONCLUSION
On the basis of these considerations we can conclude that there is compelling evidence that enhanced oxidative stress is detectable in patients with classic risk factors for atherosclerosis, but its impact in the context of atherosclerosis progression is still unclear. The reason for this uncertainty is due to the lack of a clear prospective study indicating that markers of oxidative stress, such as blood lipid peroxides or urinary F2 isoprostane, are of value in predicting the progression of atherosclerosis, although there is evidence suggesting that antibodies against oxidised LDL may be of some utility. 47 Conversely, epidemiologic studies seem to indicate that low antioxidant status increases the risk of cardiovascular disease. Clinical characteristics of patients with low antioxidant status have not been defined and should be studied in the near future. So far clinical trials with antioxidants have included patients without evaluating either oxidative stress or antioxidant status, and such indiscriminate enrolment could perhaps account for the negative results of antioxidant trials recently emphasised by a meta-analysis. 48 However, future trials with antioxidants should not be discouraged, but better identification of criteria identifying potential candidates for antioxidant treatment should be studied.
